Absfrucf-Optimal transmission conditions of nonlinear optical pulses in single-mode fibers are presented. When an optical pulse propagates in a fiber, it suffers the fiber loss, group velocity dispersion, and self-phase modulation. An optimal output pulse can be obtained by choosing a suitable optical carrier wavelength and an initial input pulse. The system at the optimal condition not only has more stable performance than the dispersion-free system, but also achieves maximum transmission bitrate for a fixed transmission distance. The bit-length product up to 8550 Gb/s-km or more can be achieved by using dispersion-shifted fibers without amplification.
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Index Terms-Self-phase Modulation

I. INTRODUCTION
HE linear optical fiber transmission system has the max-T imum transmission bitrate when the optical carrier wavelength (A) coincides with the zero-dispersion wavelength (A"), and the bitrate is limited by the second-order dispersion [l] . But the self-phase modulation (SPM) due to index nonlinearity can not be ignored when designing the ultra-high bitrate system operating at X = A, over a long distance 121. The interaction among the SPM, fiber loss and group velocity dispersion (GVD), becomes the fundamental nonlinear limitation for ultra-high speed fiber-optic transmission systems [3] . A good strategy to use the index nonlinearity is to adopt the concept of soliton transmission [4] where the SPM cancels the anomalous dispersion when X > A". Optical solitons have been suggested as possible information carriers in a singlemode fiber resulting in a hundred-fold increase in bandwidth over the dispersion-free system design [5], [6] . The bitrate of a nonlinear transmission system is limited by the GVD, SPM and fiber loss 151, [7] , 181. When decreasing X close to Xo, the equivalent soliton order becomes larger for a fixed input power, and the pulse with multi-peaks feature tends to split into subpulses under the influence of the fiber loss [9] . Therefore, the effective pulse widths become broader. If the SPM-broadened optical spectrum spans both sides of Xo, the components in the normal dispersion region will disperse away due to the interaction between GVD and SPM [9] , [lo] . On the other hand, when increasing X away from Ao, the firstorder GVD will dominate and lead to pulse broadening. For a fixed transmission distance, there should exist an optimum input pulse width and a specific carrier wavelength in the anomalous dispersion region to achieve the minimum output pulse width which implies the best received signal quality and the maximum transmission bitrate. In this paper, we will investigate the optimal transmission condition of the nonlinear optical pulses in a fiber without optical amplification.
SIMULATION MODEL
The electric field in weakly guiding single-mode fiber is separated into a rapidly varying part and an envelope Q via the equation
Where w, indicates the central angular frequency of the light wave and pc is the wavenumber in the z direction at this frequency; R(z.y) is a linear eigenfunction of the mode excited in the fiber. Here, we define a normalized electric field envelope q ( z , t ) as
then the wave equation obeyed by optical pulses propagating along the single-mode fiber can be reduced to the following nonlinear partial differential equation [ 111:
where PI, ,D2, and ,D3 are the first, second and third derivatives of wavenumber io with respect to the angular frequency and evaluated at w = w,; a is the intensity attenuation coefficient of the guided mode in the fiber and assumed to be 0.2 and 0.35 dB/km for 1.55-and 1.3-pm windows, respectively; y is the nonlinearity coefficient defined by
where X is the optical carrier wavelength, n2 is the nonlinearindex coefficient and n.2 = 3. The dispersion curve used to calculate p2 and ,I33 is approximated by the 3-term Sellmeier equation [12] where BI = 0.6961663.B2 = 0.4079426,B3 = 0.8974794,X: = 0.004679148,X; = 0.01351206, and A: = 97.934002. Here, A0 = 1.273pm. For the evaluation of 1.55-pm transmission window, we shift parallelly the dispersion curve from A, = 1.273pm to A, = 1.55pm. For the direct detection system, we take 1000 photons per bit as the detection sensitivity, so the minimum required input peak power for a Gaussian pulse can be calculated as where L is the transmission distance, h is Planck's constant, and v is the carrier frequency. The input power Pi, will be limited to below 500 mW so that stimulated Raman scattering has no appreciable effect [13] . The Gaussian pulse is used as the input pulse with the following form for the numerical simulation:
Given the initial input pulse, (9) can be solved numerically by the propagation beam method [14] . We take the root-meansquare width (a) weighted by optical intensity as a measure of the pulse width of the evolving optical pulse [l] . In the following discussion, we will take 20 as the full pulse width. 
RESULTS AND DISCUSSIONS
A. I. 55-prn Transrn ission Window according to [11] Without SPM effect, the Gaussian input pulses will broaden where gin and gout are the rms widths of the input and output pulses, respectively. We know that for a given transmission distance L, there exists a minimum output pulse width for an optimum input pulse width. Fig. 1 shows the minimum output pulse width as a function of the carrier wavelength deviation, AA = X -Ao, for various transmission distances. Fig. 2 shows the minimum output pulse width and its input pulse width as functions of transmission distance for linear case (dashed lines) and nonlinear case (solid lines) when X = A0 in both cases. We note that the output pulse width in nonlinear case begins to deviate away from that in linear case when L > 80 km. For the longer transmission distance, the higher input pulse power induces stronger SPM-effect and the output pulse deteriorates more seriously. Fig. 3(a) -(e) show the input pulse (dashed line) and output pulse (solid line) when X = Xo for L = 130, 150, 165, 180, and 195 km, respectively. The interpulse separation is chosen to be four times of the output pulse width, and the output pulses are rescaled for the convenience of comparison. A second peak begins to build up in Fig. 3(a) and grows in Fig. 3(b) . The third, fourth and fifth peaks appear in Fig. 3(c) , Fig. 3(d) , and Fig. 3(e) , respectively. the output pulse without SPM effect for L = 165 km when A = Ao. The output pulse shape (solid line) shows that the multi-peak feature results from the SPM and GVD effects instead of the second order dispersion effect. Fig. 5 shows output pulse width against input pulse width for 100-km transmission distance and various carrier wavelength deviations. For a specific carrier wavelength deviation, there always exists a minimum output pulse width for a suitable input pulse width. The minimum output pulse width decreases with AA until AA = AA,, = 0.117 nm. When AA is smaller than AA,, and close to zero, the SPM-broadened spectrum will span into normal dispersion region, and the dispersive tails of pulse contribute to pulse broadening so that the resulting minimum output pulse width increases as AA decreases. This implies that for a fixed transmission length, there exists a specific carrier wavelength deviation AA,, to have the optimal input and output pulse widths. Fig. 6 summarizes the minimum output pulse width versus carrier wavelength deviation for various transmission distances. In the normal dispersion region, the interaction between SPM and GVD results in excessive pulse broadening. In the anomalous dispersion region, the interaction between SPM and GVD can lead to the pulse narrowing. It is obvious that there always exists an optimum minimum output pulse width against a specific AA,, for any given transmission distance. This result implies that for a fixed transmission distance, we can choose an optimal carrier wavelength deviation AA, , to obtain the maximum transmission bitrate if we use the output pulse width to determine the signal bitrate. It is also noted from Fig. 6 that the dispersion-free design is unstable for longer transmission distance, because the minimum output pulse width is very sensitive to the carrier wavelength fluctuation when A = Ao. Apparently, the system operated at the optimal carrier wavelength, A = A0 + AA,,, is more stable than that operated at A = A0 for longer transmission distance. Fig. 7 summarizes the optimal carrier wavelength deviation, the optimal minimum output pulse width and its input pulse width against the transmission distance where the dashed lines indicate the pulse widths in the case when A = A". It is observed that the increase of the optimal carrier wavelength deviation is gradually saturated when L > 130 km. For the longer transmission distance, the required input powers are larger and the SPM-induced spectrum broadenings are stronger. The optimal carrier wavelength deviation must be larger to avoid spectrum cross to the normal dispersion region. The optimal input pulse width required to achieve optimal minimum output pulse width becomes larger, i.e., the initial optical spectrum is narrower and the smaller carrier wavelength deviation is needed. Therefore, AA,, becomes saturated when the transmission distance is large enough. When A = A0 (dashed lines), the minimum output pulse width is always larger than its input pulse width for any given transmission length. But under the optimal transmission conditions (solid lines), the output pulse widths begin to be different from the case when X = A0 for L > 80 km. Fig. S(a) -(e) are similar to Fig. 3(a) -(e) except for A = A, + AA,,. Comparing Fig. S(a) -(e) to Fig. 3(a) - (e) one-by-one, we note that the number of subpeaks decreases by one, the magnitudes of subpeaks reduce, and most of the pulse power is concentrated in the main peak of the output pulse. If we choose four times of output pulse width as the input pulse separation, then we can calculate and plot the optimal bitrate and bit-length (BL) product against transmission distance as shown in Fig. 9 . The maximum BL product value for optimal transmission condition (solid line), (BL),,, = 8550 Gb/s.km, occurs around L = 130 km. It is obvious that the performance of system at the optimal transmission condition has a significant improvement over the case of A = for L > 100 km.
B. 1.3-pm Transmission Window
With the larger fiber loss at the 1.3-pm transmission window, the required minimum input power should be stronger. Therefore, the transmission distance where the SPM-effect becomes significant decreases to about 70 km.
IV. CONCLUSION
Optimal transmission conditions of nonlinear optical pulses without amplification have been discussed. A bit-length product up to 8550 Gb/s. km or more has been achieved by using the Gaussian input pulses and dispersion-shifted fibers. The system performance, including the operation stability, has significant improvement over the conventional dispersion-free system design when the transmission distances are larger than 100 and 70 km for 1.55-and 1.3-pm transmission windows, respectively.
